Arctic ruminants consume cold water and food that increase costs of thermoregulation and potentially impair the bacterial fermentation on which these animals rely for digestion. We fed castrated adult muskoxen (Ovibos moschatus) a consistent diet throughout winter to correlate changes in ambient temperature with water flux, ingestive behavior, rumen temperature, and bacterial counts in the rumen. Ambient temperatures declined to À408C but average ruminal temperatures were þ398C in muskoxen fed grass hay throughout winter. Rumen temperatures were not static but were punctuated by cold shocks to þ268C in each month. Water turnover rates were high in October (11.1 kg/day À1 ) and low in January and March (9.8-7.7 kg/day À1 ), which indicated a concomitant decline in food intake. Numbers of bacteria in rumen fluid decreased with water turnover and thus food intake from October (18.0 Â 10 9 /ml) to January and March (9.4 and 8.8 Â 10 9 /ml, respectively). The cost of warming ingesta was estimated at 25, 79, and 57 kJ/kg 0.75 in October, January, and March, respectively, and was 3-14% of the predicted intake of digestible energy. Muskoxen spent more time consuming water as snow than as free water, which may reduce the cold shock of water ingestion in winter. Concerted ingestion of food and water may also allow muskoxen to substitute heat increment of feeding for the cost of warming ingesta.
Mammals and birds defend large differences in temperature between ambient conditions and their body core when foraging in polar regions (Blix 2005) . Heat loss from the animal's surface increases with lower ambient temperatures whereas heat loss from within the animal increases with the ingestion of cold water or food. Muskoxen (Ovibos moschatus) are large grazing ruminants that forage throughout winter when ambient temperatures are often consistently below À408C. The fibrous nature of their diet limits the energy available for thermal response. Muskoxen also reduce their energy expenditures (Lawler and White 2003) and ingestion rates of food and water (White et al. 1987 ) during winter. However, we do not know if changes in feeding and drinking rates offset the potentially large costs of heating ingesta during winter.
Ingestion of cold food or water may adversely affect microbial fermentation in the rumen. Fermentation accounts for 79% of dry matter digestion in muskoxen and is thus the principal source of energy for the animal (Barboza et al. 2006) . Muskoxen can use short-chain fatty acids as well as the microbial cells produced in the rumen for energy. Cold shocks may decrease microbial activity, reducing both the number of microbes as well as the production of short-chain fatty acids (Hungate 1966) . Adhesion of rumen bacteria (Fibrobacter succinogenes) to fibrous substrates is optimal at 388C, whereas lower or higher temperatures markedly reduce attachment (Roger et al. 1990 ). Therefore, deviations in rumen temperature may impair fiber digestion and thus the energy supply to the animal.
It has long been assumed that conditions within the rumen are relatively constant, because rumen microbes are favored by a stable environment (Russell 2002) . Core body temperatures of ruminants are remarkably stable throughout the year (Fuller et al. 2005) . Variable or low body temperatures preclude microbial activities such as ureolysis in wintering heterotherms and ectotherms (Banas et al. 1988; Barboza et al. 1997) . Dosing the rumen of domestic animals with chilled water and food dramatically reduces temperature of digesta (Degan and Young 1984; Nicol and Young 1990 ) and increases energy expenditure (Blaxter 1962) . However, we do not know how natural foraging behaviors affect rumen temperature and thermal costs of overwintering ruminants.
In this study, we tested 2 general hypotheses by feeding muskoxen consistent diets through winter. The 1st hypothesis was that ruminal temperatures of muskoxen reflect declines in the temperature of food and water in winter. Consequently, we predicted that the costs of warming ingested water should increase in winter; and that, according to the 2nd hypothesis, bacterial numbers are inversely related to ruminal cold shocks and are therefore predicted to decline during winter.
MATERIALS AND METHODS
Animals and behavior.-We studied 4 castrated adult (6.4-to 9.5-year-old) muskoxen with ruminal fistulas at the R. G. White Large Animal Research Station of the University of Alaska Institute of Arctic Biology (Fairbanks, Alaska; 658N, 1468W). Animals were surgically cannulated 3.5 years before the study. All experimental procedures followed guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) Animals were marked with nontoxic spray paint for ease of identification during behavioral studies. Muskoxen were housed in a large fenced enclosure (2,043 m 2 ) with ad libitum access to grass hay (Bromus) and water or snow. A pelleted mixture of cereal grains and minerals (M Ration, Alaska Pet and Garden, Anchorage, Alaska) was offered on an individual basis, twice a week at 17.5 g Á kg À0.75 Á day À1 . The combination of hay and supplement has been used for maintenance, growth, and reproduction of captive muskoxen for more than 9 years and is therefore adequate for the annual cycle of food intake and body mass change in this species Rombach et al. 2002 Rombach et al. , 2003 .
Animal behaviors including eating, ruminating, fighting, running, walking, standing, lying, and drinking water or ingesting snow were monitored for 2 mornings (1000-1400 h) and 2 afternoons (1300-1700 h) in each month to correlate animal behavior with rumen temperature patterns. Chemical analyses.-Common hay and individual supplement provided to muskoxen were sampled every 3 days and dried at 508C for 48 h to determine dry matter. Foods were ground through 2-mm mesh in a Wiley mill (Arthur Thompson Company, Philadelphia, Pennsylvania) for further analysis. Analytical dry matter was determined by drying to constant mass at 808C. Ash content was measured by combusting 1 g of dried material for 8 h at 5008C in a muffle furnace (Barnstead International, Dubuque, Iowa). Plant cell wall constituents were extracted sequentially as follows: neutral detergent fiber, acid detergent fiber, and lignin. Fiber extractions followed the procedures of . Hemicellulose content was calculated as the difference between neutral detergent fiber and acid detergent fiber, and cellulose content was calculated as the difference between acid detergent fiber and lignin Van Soest et al. 1991) .
Water turnover rates.-Water flux in animals was determined by tritiated water ( 3 H 2 O) dilution following an intrajugular dose of 1.80 lCi/kg body mass in 0.9% NaCl solution (Sigma Chemical Company, St. Louis, Missouri; . Blood was collected in Na-Heparin evacuated tubes (Vacutainer Systems, Becton Dickinson, Franklin Lakes, New Jersey) from the jugular vein before dosing and at 6, 48, 96, 168, and 216 h postdose. Heparinized blood was transferred to capillary tubes and spun in an IECMicro-MB centrifuge (International Equipment Co., Needham Heights, Massachusetts) for 5 min at high speed to determine hematocrit. Plasma was separated from heparinized blood by centrifugation at 1,000 Â g for 10 min and stored at À208C for analysis. Tritium concentrations in plasma were determined by scintillation counting and corrected for background and quenching (Beckman LS6000SE, Beckman Instruments Inc., Redmond, Washington).
Rumen sampling.-In each month, two 30-ml whole digesta samples were collected from each animal by drawing from the top of the raft with forceps. We extracted an additional 100 ml of rumen digesta and measured pH with a standardized electrode (60.01 units) within 5 min of sample collection. Rumen digesta were then strained through sterile, 12-ply, USP Type VII gauze (Johnson & Johnson, New Brunswick, New Jersey). Aliquots of 15 ml of rumen fluid were transferred to equal volumes of 10% formalin for bacterial counts. Bacteria were counted by phase contrast microscopy (Olympus Optical Co., Tokyo, Japan) and a hemocytometer (Bright Line Counting Chamber, Hausser Scientific, Horsham, Pennsylvania). All formalin samples were diluted to provide 40-70 bacteria per cell.
Calculations and statistical analyses.-The least-squares regression of plasma tritium counts over time (ln [H 3 ]) was used to calculate body water kinetics. Water dilution space was calculated from the intercept at zero time and adjusted by 10% to correct for overestimation of the body water pool (W; kgChan- McLeod et al. 1994) . The time to turnover the water pool was the inverse of the slope of the regression (1/K; days). Water turnover rate was the product of the slope of the regression and the water pool (W Â K; kg/day).
Body composition was estimated from the net water space (NW) after deducting the amount of water in the digestive tract. Ruminal fluid space (RW) was estimated as 16.23% total body mass in October and as 11.51% of body mass in January and March based on seasonal changes in ruminal marker dilution (Barboza et al. 2006) . Total digesta water (DW) was calculated from ruminal fluid (85.13% total) on the basis of direct measures of the distribution of water in the digestive tract of muskoxen (Barboza et al. 2006) , that is, DW ¼ RW 4 0.8513. Ingesta-free mass (IFM) was calculated as body mass (BM) minus digesta mass with an average moisture content of 88.6% (DW 4 0.8860 water/wet digesta- Barboza et al. 2006) . Tissue water was the net water space after subtraction of digesta water (NW ¼ W À DW). Lean mass (NM) was calculated on the basis of 73.3% water (NM ¼ NW 4 0.733- Adamczewski et al. 1995) . Fat mass (FM) was then calculated as the difference between ingesta-free mass and lean mass:
The thermal cost associated with warming water was estimated from water turnover rates and predicted food intakes. We assumed that seasonal intakes of food followed the pattern previously measured in castrated muskoxen by . Intakes of dry hay in October were equated to the annual maxima (53 g kg À0.75 day À1 ), whereas intakes in January and March were equated to the annual minima (31 g Á kg À0.75 Á day
À1
). Water ingested with food was calculated from the moisture content of hay. Free water intakes were subsequently derived by subtracting food water from total water turnover. Warming costs were estimated from constants for warming ice (specifc heat of ice; 2.1 J g À1 8C À1 ), melting ice (latent heat of fusion; 335 J/g), and warming water (specific heat of water; 4.184 J ml À1 Á8C À1 ) in free water and food (Weast 1973) . The cost of warming dry food was calculated with the specific heat for cellulose (1.3
. We equated daily intakes of digestible energy in early winter to the annual maxima (923 kJ Á kg À0.75 Á day À1 ), whereas intakes in mid-and late winter were equated to the annual minima (554 kJ Á kg À0.75 Á day À1 ) as determined by . Thermal costs were calculated for food and water ingested at the average air temperature in each period (Table 1 ) and warmed to the corresponding average rumen temperature (Table 2) .
Statistics were analyzed with SYSTAT 10.2 (SPSS Inc., Chicago, Illinois). Repeated measures of body composition, rumen temperature and ambient conditions, bacterial counts, and rumen fluid pH were compared by analysis of variance (ANOVA) with winter month as a factor (n ¼ 3) within animals. Summary statistics were calculated for rumen temperature and ambient conditions. Statistical significance was determined at a , 0.05.
RESULTS
Muskoxen experienced the lowest air temperatures during midwinter (January) when solar radiation was at the annual nadir (Table 1) . Wind speeds were low throughout winter, as is typical for interior Alaska (Table 1 ). The mean ambient temperature for January was À298C with a range of À418C to þ178C throughout the study. Temperatures of dry hay followed the pattern of ambient air temperatures and were therefore lowest in January. Water was available as liquid only in October and as snow for the remainder of the study until the following May (Table 1) .
Average rumen temperatures were similar among periods in winter (Table 2) . Maximal rumen temperatures were less than 18C above the average temperature of the rumen. Minimal rumen temperatures were much more variable than maxima. Ruminal cooling was often rapid (À6.248C/min) as temperatures dropped to 27.68C within a few minutes (Table 2; Figs. 1A-C). Rewarming of the rumen was slow, because rates of temperature rise were always slower than rates of decline. Consequently, rumen temperatures were only restored to the average temperature several hours after a large cold shock.
Fluctuations in rumen temperature were not associated with changes in the temperature of ambient air, hay, or available water. Some acute drops in rumen temperature were associated with drinking water or ingesting snow, whereas some gains in rumen temperature were associated with feeding bouts (Figs.  1D-F) . Time spent feeding did not vary between periods of observation during winter (0.22 6 0.04 min/100 min observed; F ¼ 1.36, d.f. ¼ 2, 9, P ¼ 0.31). The proportion of time spent consuming water as liquid (October) was less than that required for snow ingestion (January and March; Fig. 2 ). Drinking behavior was positively related to time spent feeding whether the water was available as liquid or as snow (Fig. 2) . Time spent on behaviors other than ingestion (e.g., lying, ruminating, walking, standing, running, and fighting) did not differ between periods (P . 0.05). Muskoxen lost body mass through winter even though diets did not change in composition (Tables 3 and 4 ). Most changes in body mass were probably due to changes in digesta fill because the estimated mass of lean (F ¼ 1.648, d.f. ¼ 2, 6, P ¼ 0.27) and fat (F ¼ 3.59, d.f. ¼ 2, 6, P ¼ 0.09) tissues were similar between periods. Water space and turnover in muskoxen were greatest in early winter and lowest in late winter (Table 3) . Changes in water space were not related to changes in hematocrit, which were consistent through winter (45.2-45.9%). Numbers of rumen bacteria decreased with water turnover rates from October (18.0 Â 10 9 /ml) to January (9.4 Â 10 9 /ml; F ¼ 64.64, d.f. ¼ 2, 6, P , 0.01) and remained low in March (8.8 Â 10 9 /ml; Fig. 3 ). Changes in numbers of rumen bacteria were not associated with rumen pH, which did not significantly vary over winter (6.85 6 0.11; F ¼ 1.88, d.f. ¼ 2, 6, P ¼ 0.23).
DISCUSSION
Our 1st hypothesis was not supported, that is ruminal temperatures in muskoxen were not related to ambient conditions. Muskoxen experienced air temperatures as low as À40.98C but maintained an average rumen temperature of þ38.88C and a thermal difference of 79.78C. Wild muskoxen likely defend even greater thermal differences in the high arctic 
FIG. 2.
Relationships between time spent drinking and feeding in muskoxen when water is available as liquid in early winter (October) and as snow in mid-(January) and late winter (March).
where air temperatures may drop below À60.08C (Blix 2005) . However, low ambient temperatures did increase costs of warming food and water. Estimates of warming costs were 25, 79, and 57 kJ/kg 0.75 in October, January, and March, respectively. Water was consumed as ice in January and March but as liquid water in October. The cost of melting ice in all ingesta (latent heat of fusion) was much greater than the incremental cost of increasing temperature to either liquid or solid water. Consequently, melting frozen ingesta accounted for 58-63% of the total cost of warming during mid-to late winter.
Energy used to warm ingesta is primarily derived from the digestible energy intake of the animal. Warming costs are equivalent to 2.7%, 14.2%, and 10.3% of the digestible energy intake in early, mid-, and late winter when diet quality is maintained. The proportional cost of warming ingesta is dependent on both rate of food intake and diet quality. Proportional costs of warming ingesta may be insensitive to differences in body size and total energy intakes (Berteaux 2000) because water intakes follow food consumption. However, food intake may increase more rapidly than water intake if the digestible energy content of the diet declines. Therefore, increased consumption of less-digestible foods may exacerbate the proportional cost of warming and thus reduce the net return of energy to the animal. The broad range of estimates for warming ingesta (2.5-30% of daily energy expenditure-Berteaux 2000) reflects both the large variation in solute loads and digestibility of diets across a wide range of body sizes in overwintering mammals.
The cost of warming ingesta may be compensated by the heat increment of feeding. Lawler and White (2003) estimated heat increments of feeding that were 58 kJ Á kg À0.75 Á day À1 at peak food intakes but only 39 kJ Á kg À0.75 Á day À1 in winter. Heat increments of feeding exceed the cost of warming ingesta in October and were at least 50% of the lowest increment in January and March. Close association of feeding and drinking behavior would limit changes in rumen temperature and the cost of warming water after feeding (Figs. 1D-F) . Feeding and drinking behaviors in ruminants have been linked with specific sensory properties of food that simulate drinking (Langhans et al. 1995) . The positive relationship between times spent drinking and feeding in muskoxen is consistent with this suggestion of linked behaviors (Fig. 2) . The rate of water entering the rumen in winter is reduced by the consumption of snow. Ingestion of snow requires proportionately more handling time in relation to food intake. Consequently, the thermal load of drinking is more gradual in winter because muskoxen spend more time ingesting less water.
The thermal environment of the rumen is generally assumed to vary over a range of only 28C in domestic species (Dehority 2003; Hungate 1966) . The thermal stasis of the rumen in domestic species (Forbes and France 1993) is probably an outcome of linked feeding and drinking in animals grazing naturally at temperate lattitudes. Acute doses of cold water to the rumen can drop rumen temperature by 5-108C in domestic cattle and sheep (Cunningham et al. 1964; Dehority 2003) . Voluntary feeding and drinking in muskoxen produces random cold shocks to the rumen that are similar to those experimentaly induced cold shocks in domestic animals. Rumen fermentations in muskoxen apparently tolerate abrupt declines in temperature that require several hours to rewarm. Cold shocks may impair substrate binding of bacteria: binding of F. succinogenes to cellulose is reduced by 12% when temperature is reduced from 308C to 208C (Roger et al. 1990 ). Thus, natural drops in the /ml) in rumen fluid from muskoxen (n ¼ 4) in relation to water turnover rate (kg/day) during winter. Different letters indicate significant differences in bacterial concentrations between periods (P , 0.05).
rumen temperature of muskoxen may simply impair microbial activity by dislodging bacteria from their substrates (Olubobukun et al. 1988 ) and by reducing enzyme activity. Cold shocks may therefore reduce production of short-chain fatty acids for the animal until the rumen rewarms. Conversely, rumen temperature does not appear to exceed an upper limit of 418C in muskoxen. Bacterial adhesion to substrates may be much more sensitive to overheating because increasing the temperature from 428C to 488C reduces binding of F. succinogenes to cellulose by 60% (Roger et al. 1990 ). The upper limit of rumen temperature is probably an outcome of the body temperature conducted from the blood and the optimal temperature for the microbes. Overheating may therefore endanger rumen fermentation more severely than cold shocks, especially when animals are hyperphagic in summer. The annual loss of underwool in May to June may facilitate hyperphagia by removing an insulative layer from the body surface that would limit heat exchange when radiant loads and ingestive heat loads are high.
We did not support our 2nd hypothesis that cold shocks were inversely related to bacterial numbers because ruminal temperatures were similar among periods in winter (Table 2) . Small bacterial populations may be an outcome of rumen dilution or low rates of microbial division and activity. Dilution of microbes is unlikely because rumen fill declines by 45% between spring and winter in muskoxen (Barboza et al. 2006) , that is, declines in fluid alone should increase rather than decrease the apparent concentration of bacteria. Low bacteria concentrations are asscociated with declines in bacterial activities in muskoxen during winter. In situ degradation of cellulose and other substrates in the rumen is lowest in winter when numbers of bacteria are likewise low in muskoxen (Barboza et al. 2006) . Low activities of bacteria partly reflect the availability of substrates for fermentation as food intakes decline in winter. Declines in water turnover during winter are consistent with drops in food intake and the diminution of bacterial counts. Seasonal changes in fermentation acids that accompany changes in food intake could be associated with changes in the microbial population and with shifts in the optima for rumen conditions and substrate availability (Barboza et al. 2006) . Seasonal changes in homeostatic controls of pH and osmolality may therefore contribute to shifts in both activity and number of bacterial species in the rumen of muskoxen (Crater et al. 2007 ).
